In winter, northeastern North America and northeastern Asia are both colder than other regions at similar latitudes. This has been attributed to the effects of stationary weather systems set by elevated terrain (orography) 1 , and to a lack of maritime influences from the prevailing westerly winds 2 . However, the differences in extent and orography between the two continents suggest that further mechanisms are involved. Here we show that this anomalous winter cold can result in part from westward radiation of large-scale atmospheric waves-nearly stationary Rossby wavesgenerated by heating of the atmosphere over warm ocean waters. We demonstrate this mechanism using simulations with an idealized general circulation model [3] [4] [5] , with which we show that the extent of the cold region is controlled by properties of Rossby waves, such as their group velocity and its dependence on the planetary rotation rate. Our results show that warm ocean waters contribute to the contrast in mid-latitude winter temperatures between eastern and western continental boundaries not only by warming western boundaries, but also by cooling eastern boundaries.
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In middle latitudes, the eastern boundaries of Northern Hemisphere continents are colder than other regions at similar latitudes. Northeastern North America in winter is up to 20 K colder than similar latitudes in Europe, and northeastern Asia is similarly cold in comparison to northwestern North America (Fig. 1a) . This anomalous cold has been attributed to several factors. The mean atmospheric flow in middle latitudes is westerly (eastward), so northeastern regions are farthest downstream from the warmer oceans, which may contribute to their coldness 2 . However, although Asia is much wider than North America, the longitudinal extent of the two continents' coldest regions is similar (Fig. 1a) , so this cannot be the sole contributing factor. The pattern of stationary weather systems, such as the Icelandic low over the Atlantic and the Aleutian low over the Pacific, also contributes to the advection of cold polar air over the eastern continental regions (Fig. 1b) . The positions and strength of these weather systems are controlled by orography and the distribution of diabatic heating in the atmosphere 6, 7 . Orography has been posited as the principal factor controlling the temperature contrasts between eastern and western continental boundaries, in particular between North America and Europe, by generating stationary weather systems that drive warm and moist air towards Europe 1 . However, although the American and Asian regions of extreme cold polewards of 30u N have a similar structure (Fig. 1a) , the North American and Asian orographies are very different. This suggests that yet further mechanisms contribute to the formation of the cold regions.
By sharp contrast, the western boundaries of oceans adjacent to the cold regions are characterized by strong, warm currents such as the Gulf Stream off the North American coast and the Kuroshio off the Asian coast. These boundary currents carry large amounts of heat polewards 8 , leading to large heat fluxes (mainly latent heat fluxes) from the warm oceans into the atmosphere (Fig. 1c) . Here we show that atmospheric heating above warm ocean waters generates nearly stationary Rossby waves 7, 9 , which cause an anomalously cold region immediately to the west of the heating region. The size of this cold region is not set by the length scale of stationary waves 9 , but is controlled by the distance over which wave groups are radiated westwards before they dissipate.
To demonstrate this mechanism we use a three-dimensional general circulation model (GCM) with an active hydrological cycle [3] [4] [5] . The GCM is idealized, in that radiative transfer and moist convection are represented in a simplified manner, and processes not essential to the mechanism we study (for example, cloud-radiative feedbacks) are ignored. To represent heat fluxes from warm ocean waters, we added a localized ocean heat-flux convergence in the Northern Hemisphere; as a control, we added the same zonal-mean heat-flux convergence in the Southern Hemisphere, spread in a zonally symmetric fashion over all longitudes. The triangular heating region in the Northern Hemisphere (Fig. 2 ) roughly mimics the shape of the Asian and North American shorelines and the adjacent western boundary currents, with the western side of the triangle loosely representing the land-ocean boundary. The magnitude of the heat-flux convergence is set to resemble observed measurements (Fig. 1c) , but the mechanism discussed here does not depend on details such as the magnitude or shape of the heating. See the Methods for details of the model.
To analyse systematically how heating leads to upstream cooling, we performed a series of simulations with planetary rotation rates between 0.25 V e and 10 V e , where V e is Earth's rotation rate. This allows us to discriminate between wave mechanisms that depend in different ways on the planetary rotation rate. We begin by looking at a simulation with Earth's rotation rate (Fig. 2, left column) .
The localized surface heating induces a region of strong temperature gradients, and therefore strong baroclinicity, downstream (Supplementary Fig. 2 ). It also creates a region of strong atmospheric diabatic heating. Both factors contribute to the formation of a region of enhanced transient eddy kinetic energy downstream (Fig. 2a) . Furthermore, the localized heating creates a stationary low-pressure system (cyclone) to its east and a stationary high-pressure system (anticyclone) to its west (Fig. 2d) , resembling in structure and magnitude the pattern of stationary weather systems observed in nature (Fig. 1b) . This pattern of stationary weather systems arises because, in the middle latitudes, atmospheric heating is primarily balanced by horizontal advection of cooler air, and this advection must be in approximate geostrophic balance with the pressure field 10, 11 . The stationary circulation induced by localized heating causes equatorward advection of cold polar air towards the heating region and westward of it, and poleward advection of warm low-latitude air eastward of it (Fig. 2b) .
The surface highs and lows are manifestations of stationary Rossby waves, which are induced by the localized heating 6, 7, 9, 10, [12] [13] [14] . These stationary waves can be described well by barotropic dynamics 10 , and can be seen clearly in the vertically averaged meridional velocity (Fig. 2c) . The frequency of barotropic Rossby waves, v, is given by
where b is the planetary vorticity gradient, k is the zonal wave number, l is the meridional wave number and u is the mean zonal velocity 15 . isotropic waves (k 5 l), this gives a length scale of l~2p( u=b) 1=2 when v 5 0 (that is, for stationary waves). For V 5 V e and a typical midlatitude value of u<20 m s {1 , this gives wavelengths of about 7,000 km, corresponding to about 4 wave crests over a latitude circle, similar to the length scales seen in nature and in the simulations (Figs 1b and 2c). One might thus infer that the longitudinal extent of the region of upstream cooling is set by the stationary Rossby wavelength.
However, when the planetary rotation rate is changed, it becomes clear that the extent of the region of upstream cooling is set by different dynamics. The extent of the cooling region increases with rotation rate (Fig. 2b) , whereas the stationary Rossby wavelength decreases (Fig. 2c) . Thus, it is not simply the phase of the stationary wave that controls the extent of the cold region upstream of the heating. As the rotation rate increases, both the energy-containing length scale 16 and the stationary wavelength become smaller, whereas-counterintuitivelythe cold region upstream expands.
The extent of the upstream cold region is controlled by the group dynamics of nearly stationary Rossby waves. Dispersive waves can have a non-zero group velocity (c g~L v=L(k, l)) even when they are stationary 17 . The dispersion relation equation (1) 
in the nearly stationary limit (v R 0) of zonally elongated waves (k R 0) 18, 19 . This zonal group velocity is westward for waves with a sufficiently large meridional scale, such that uvb l 2 . Features such as an anticyclonic vorticity anomaly to the west of a localized heating can be then radiated farther westwards at this group velocity, forming a plume [18] [19] [20] . The extent of this plume is limited by the scale over which the nearly stationary Rossby wave groups propagate zonally. If the waves are damped on a time scale t, the plume can be expected to extend over a zonal scale L*c gx t~( u{b l 2 )t, which depends on u, b and the meridional scale of the localized heating, 2p/l 18, 19 . To the extent that variations in u and t are relatively small, this length scale increases linearly with planetary rotation rate. This is borne out in our simulations. The scale of the cold region upstream of the heating does indeed increase approximately linearly with rotation rate from 0.5 V e to 10 V e (Fig. 3) . (The strength of the mid-tropospheric zonal flow u varies by less than a factor of 2 in the range of rotation rates we have explored, and therefore does not strongly affect the approximately linear dependence between c gx and V.) For a meridional wave number l < 5 corresponding to the scale of our heating region, b/l 2 < 28 m s 21 in middle latitudes for Earth's rotation rate, and this velocity increases with rotation rate. Therefore, for all cases in which V $ V e (for which u = 20 m s
{1
in the mid-troposphere), we have uvb=l 2 , and so the group velocity is westwards. The extent of the upstream cooling region is controlled by the westward radiation of nearly stationary Rossby wave groups, which decay over t. The variations in u are weak relative to those in the rotation rate, so t can be inferred from the slope of the line of extent plotted against rotation rate (Fig. 3) . It is of the order of days in our simulations. The damping time scale inferred from the regression of the extent of the cold region on the estimated group velocity of the waves varies by less than a factor of 2 as the rotation rate is varied, whereas the group velocity varies from about 10 to 250 m s
21
. (An exact determination is difficult because it is unclear at precisely which level u should be evaluated to obtain the group velocity.) It happens that for Earth's rotation rate and the typical meridional scales of the heating regions over western boundary currents, the group velocity is such that the extent of the cold region upstream is similar to the length scale of a stationary Rossby wave. But the extent of the cold region is in fact controlled by different dynamics. Although downstream features of the circulation (for example, the eddy kinetic energy) may be controlled by stationary wave length scales 21 , the upstream cooling is controlled by the group velocity of nearly stationary, zonally elongated waves, as the simulations with different rotation rates show. Even when compared with a simulation without any extra heating (whether localized or spread out longitudinally in middle latitudes), the simulations with localized mid-latitude heating exhibit an anomalously cold region upstream.
Ref. 1 posited that winter temperature contrasts between mid-latitude eastern and western continental boundaries were controlled mostly by stationary weather systems caused by orography, as opposed to heating over oceans. However, this inference was based on eliminating all ocean heat transports in a GCM simulation, including tropical and subtropical transports, which resulted in widespread and large extratropical atmospheric cooling, with concomitant large atmospheric RESEARCH LETTER circulation changes. This does not rule out the local importance of extratropical ocean heat fluxes for stationary weather systems.
We propose, then, that the anomalous winter cold of eastern continental boundaries can result at least in part from radiation of nearly stationary Rossby wave groups off the regions of large surface heat fluxes over the warm waters in oceanic western boundary currents. We have demonstrated this mechanism in the idealized GCM, with heat fluxes of similar magnitude to those observed over the western boundary currents, and with a climate similar to that of Earth in winter ( Supplementary Fig. 2 ). The GCM produces a stationary cycloneanticyclone pair and a cold region upstream, with surface-pressure (,10 hPa) and temperature (,4 K) deviations from the zonal mean and from the mean over regions far downstream that are about half those observed on Earth (compare Figs 1 and 2) . Thus, the Rossbywave mechanism is probably quantitatively significant in producing the cold regions over eastern continental boundaries on Earth. Topography has already been shown to contribute 1 , and other factors ignored in the idealized GCM, such as land-ocean contrasts, effects of continentality and clouds probably also play a role. Nevertheless, the dynamics we have described are large-scale and robust. They provide a plausible answer to the question of why the eastern continental boundaries of both Asia and North America are so cold, and why the extent of the cold regions on both continents is similar.
METHODS SUMMARY
The idealized GCM is based on the Flexible Modelling System of the US National Oceanic and Atmospheric Administration's Geophysical Fluid Dynamics Laboratory. It is a three-dimensional model of a spherical aquaplanet, and solves the primitive equations for an ideal-gas atmosphere [3] [4] [5] . We use a horizontal spectral resolution of T85 and 30 vertical levels. For simulations with planetary rotation rates V greater than 4 V e we use the higher resolution of T127 to resolve the smaller energy-containing eddies. The lower boundary is a uniform slab ocean. Radiative transfer is represented by a two-stream grey radiation scheme. Moist convection is represented by a quasi-equilibrium convection scheme 4 , which relaxes temperatures towards a moist adiabat and water vapour towards a profile with fixed relative humidity relative to a moist adiabat. To damp small scales, strongly scale-selective hyperdiffusion is included in the vorticity, divergence and temperature equations.
Zonal asymmetries to initiate stationary waves are introduced by imposing a localized ocean heat-flux convergence in a triangular mid-latitude region. This is , similar to observations. The upstream cooling increases linearly with the heat-flux convergence; see Supplementary Fig. 1 . As the rotation rate increases, the eddy kinetic energy maximum becomes zonally more confined, whereas the upstream cold region expands. The stationary waves are evident in the meridional velocity (c). rate. The extent of the upstream cold region is the longitudinal distance between the centre of the triangle and the westernmost extent of the bold 22 K contour in Fig. 2b ; the planetary rotation rate is given in multiples of V e . The dashed line represents the linear least-squares fit.
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an idealized representation of the area of warm ocean waters and strong atmospheric diabatic heating in the Gulf Stream or Kuroshio western boundary currents. The magnitude of the heat flux convergence (500 W m
22
) is chosen to be similar to the observed heat fluxes (Fig. 1c) . Our results do not depend qualitatively on the particular shape, size or magnitude of the imposed heat-flux convergence; the magnitude of the upstream cooling increases approximately linearly with the imposed heat-flux convergence (Supplementary Fig. 1 ). All simulation results presented are averages of flow fields sampled 4 times a day for at least 4 years, after a long spin-up period in which the GCM statistics reached a steady state.
METHODS
The idealized GCM is based on the Flexible Modelling System of the US National Oceanic and Atmospheric Agency's Geophysical Fluid Dynamics Laboratory. It is a three-dimensional model of a spherical aquaplanet, and solves the primitive equations for an ideal-gas atmosphere [3] [4] [5] . It does not take into account factors that are not essential to the mechanism, such as clouds, aerosols, sea-ice, water-vapour feedback and the diurnal and seasonal cycles. Resolution. The GCM solves the hydrostatic primitive equations in vorticitydivergence form, using the spectral-transform method in the horizontal and finite differences in the vertical. The horizontal spectral resolution is T85 (corresponding to about 1.4u 3 1.4u resolution of the transform grid). The vertical coordinate is s 5 p/p s (pressure p normalized by surface pressure p s ), and has 30 discrete levels. For simulations with planetary rotation rates V greater than 4 V e , we use the higher resolution of T127 to resolve the smaller energy-containing eddies. Radiative transfer. Radiative transfer is represented by a two-stream grey radiation scheme with longwave and shortwave optical depths that depend only on latitude and pressure. The longwave optical thickness t is given by
where w is latitude and f l 5 0.2. The linear and quadratic terms in s roughly represent absorption by a well mixed absorber (with weight f l ) and by water vapour (with weight 1 2 f l ), respectively 3, 5 . The term t e represents the longwave optical thickness at the equator, and is equal to 4.8; t p is the longwave optical thickness at the pole, and is 1.2. These are chosen to result roughly in a winterhemisphere meridional temperature distribution. Solar radiative fluxes are imposed equally between hemispheres and are given by
where S 0 5 1,360 W m 22 is the solar constant, D s 5 1.2 controls the pole-equator insolation gradient and t s 5 0.22 is the optical thickness for solar radiation. Moist convection and large-scale condensation. Moist convection is represented by a quasi-equilibrium convection scheme 4 , which relaxes temperatures towards a moist adiabat with a time scale of 2 h, and water vapour towards a profile with fixed humidity of 70% relative to the moist adiabat, whenever a parcel lifted from the lowest model level is convectively unstable. Large-scale condensation removes water vapour from the atmosphere when the specific humidity on the grid scale exceeds saturation. Moist thermodynamics. Water vapour is advected with a finite-volume scheme on the transform grid. A large-scale (grid-scale) condensation scheme ensures that the mean relative humidity in a grid cell does not exceed 100%. Only the vapourliquid phase change is considered, and the saturation vapour pressure e s is calculated from a simplified Clausius-Clapeyron relation given by
where R v 5 461.5 J kg 21 K 21 is the gas constant for water vapour, L 5 2.5 3 10 6 J kg 21 is a fixed latent heat of vaporization, and e 0 5 610.78 Pa is the vapour pressure and T 0 5 273.16 K the temperature at the triple point of water. Boundary layer. The lower boundary of the GCM is uniform and water covered, with an albedo of 0.38. A planetary boundary-layer scheme with Monin-Obukhov surface fluxes, which depend on the stability of the boundary layer, links atmospheric dynamics to surface fluxes of momentum, latent heat and sensible heat. The roughness length for momentum, moisture and heat fluxes is 1 3 10 23 m, and an additive gustiness term of 1 m s 21 is added to surface velocities in bulk aerodynamic formulae to represent subgrid-scale wind fluctuations. These values allow us to obtain energy fluxes and a climate similar to Earth's in the aquaplanet setting of our simulations. Our results are not very sensitive to the choice of these parameters. Subgrid-scale dissipation. Above the boundary layer, horizontal = 8 hyperdiffusion in the vorticity, divergence and temperature equations is the only dissipative process. The hyperdiffusion coefficient is chosen to give a damping time scale of 12 h at the smallest resolved scale. Surface energy balance. The surface temperature evolves according to the surface energy balance of a homogeneous slab, with temperature tendencies balanced by insolation, thermal radiative fluxes and the surface fluxes of sensible heat and latent heat. The precise value of the heat capacity (or thickness) of the slab does not substantially affect our results, which are for statistically steady states. In our simulations, the slab has a heat capacity corresponding to a 1-m layer of water. Spin-up. All simulations have been spun-up to statistically steady state for at least 3,000 simulation days. The results presented here have been averaged over at least 4 years of simulation time beyond spin-up, and are all in a statistically steady state. Zonal Asymmetries. Zonal asymmetries are introduced by imposing a localized heat-flux convergence in a triangular mid-latitude region. This is an idealized representation of the area of warm ocean waters and strong atmospheric heating in the Gulf Stream or Kuroshio western boundary currents. The localized heating is applied between latitudes 25u N and 50u N. The magnitude of the heat-flux convergence (500 W m
22
) is chosen to be similar to the observed heat fluxes from the surface (Fig. 1c) . Our results do not depend qualitatively on the particular shape, size or magnitude of the imposed heat-flux convergence. The upstream cooling increases approximately linearly with the magnitude of the heating ( Supplementary  Fig. 1 ). As a control case, we impose in the Southern Hemisphere a heat-flux convergence that is equal in the zonal mean to that in the Northern Hemisphere, but is spread zonally symmetrically over all longitudes. (The deviations from the local zonal mean in the Northern Hemisphere shown in Fig. 2 are very similar to the corresponding deviations from the Southern Hemisphere zonal mean.)
